2-Arylpropionic acids 1 are used clinically as nonsteroidal anti-inflammatory drugs (NSAIDs) (Fig. 1) . The (S)-enantiomers have been considered to be pharmacologically more active than the (R)-enantiomers of these acids.
Nonetheless, these agents are normally marketed as racemates. This is possible because it has been shown [1] [2] [3] [4] that an in vivo inversion at the stereogenic center converts the pharmacologically less active (R)-enantiomers into the more active (S )-enantiomers, thereby obviating a prior separation of enantiomers.
Owing to this in vivo epimerization, it is difficult to examine and clarify the medicinal actions or metabolism of each enantiomer closely. The replacement of hydrogen with fluorine can produce isosteric analogues (pseudologues) that often mimic the parent with respect to biological behavior. Therefore, to provide tools to study the in vivo behavior of the individual enantiomers of these NSAIDs, we have prepared a series of chiral non-epimerizable 2-fluorinated 2-arylpropionic acids 2 (Fig. 2) .
Some other groups have reported the synthesis of 2-aryl-2-fluoropropionic acid derivatives 2a, b, and 4a (RϭMe) by nucleophilic fluorination of the corresponding 2-hydroxy acids or 2-aryl epoxides with (diethylamino)sulfur trifluoride (DAST) or Et 3 N · 3HF, respectively (Eqs. 1, 2), 5, 6) or electrophilic fluorination of the enol silyl ether of 3a with acetyl hypofluorite (Eq. 3). 7) Laurent et al. reported the synthesis of 2-fluorinated ester 4a (RϭEt) by electrochemical oxidation in fluorinating media (Eq. 4). 8) However, all of these methods require rather delicate conditions and/or many steps, and therefore, they lack synthetic generality (Chart 1).
In this paper, we report an efficient and practical synthesis of 2-aryl-2-fluoropropionic acids 2 by direct fluorination of readily available 2-arylpropionic acid methyl esters 3 with diluted perchloryl fluoride (FClO 3 ), according to the convenient procedure we have reported previously. [9] [10] [11] A simple and general procedure for optical resolution of the 2-fluoro acids 2 is also described.
Results and Discussion
We first attempted direct fluorination of carbanions derived from methyl ester 3a using selectfluor 12) and N-fluorobenzenesulfonimide. 13 ) However, the yields seemed sensitive to the amount and kind of bases employed for the reaction and the results were found not to be reproducible. We then focused on fluorination using diluted FClO 3 , [9] [10] [11] considering the successful results obtained in the preparation of the structurally similar 2-cyano-2-fluoro-p-tolylacetic acid ethyl ester. 14, 15) We first examined bases and temperatures for the fluorination of ibuprofen methyl ester 3a with FClO 3 in order to optimize reaction conditions ( Table 1 ). The best result was obtained when a solution of the lithium enolate of 3a in tetrahydrofuran (THF), formed by treatment with lithium diisopropylamide (LDA) by usual procedure, was subjected to slow introduction of diluted FClO 3 , at Ϫ40°C for 1 h, to give a-fluoroibuprofen methyl ester 4a in 93% yield (entry 10).
We then applied this fluorination procedure to the methyl esters of other NSAIDs 3b-e, which are readily prepared from the corresponding commercially available acids 1b-e. In the case of 3b-d the corresponding a-fluoro esters 4b-d were obtained in excellent yields. In the case of 3e, however, formation of a complex mixture was observed. Since the ketone 3e was used without protection an intermolecular condensation may be the reason for the formation of side products. In order to avoid this complication, ketone 3e was treated with ethylene glycol to give the corresponding acetal 5. This was subjected to our fluorination procedure to afford the a-fluoro ester 6 in 79% yield. Treatment of 6 with aqueous HCl gave 4e in good yield. Saponification of the a-fluoro esters 4a-e with aqueous KOH successfully produced afluoro acids 2a-e in good yields with no evidence of any defluorination (Chart 2).
Having the non-epimerizable pseudologues 2a-e in hand, we next considered procedures for optical resolution. Since attempted resolution using chiral aminoindanol 16) or menthol as chiral auxiliaries was unsuccessful, we turned our attention to the use of (Ϫ)-carenediol (7). 17) Racemic 2-aryl-2-fluoropropionic acids 2a-e were treated with (COCl) 2 to give the chlorides, which were condensed with (Ϫ)-carenediol (7) to afford the corresponding pairs of ester diastereomers 8a-e and 9a-e, respectively. These diastereomeric esters were easily separated by column chromatography on silica gel (hexane/AcOEtϭ4/1 or CHCl 3 / AcOEtϭ95/5) to yield the less polar esters 8a-e and the more polar esters 9a-e in moderate yields. Hydrolysis of each of 8a-e and 9a-e with aqueous KOH produced (Ϫ)-2a-e and (ϩ)-2a-e, respectively (Chart 3). 5) The diastereomers, 9b, 8c, and 8e, were recrystallized from hexane/AcOEt or hexane/CHCl 3 to give single crystals that were suitable for X-ray crystallographic analysis. The X-ray data showed the absolute configurations of (ϩ)-2b, (Ϫ)-2c, and (Ϫ)-2e to be S, R, and R, respectively. In the case of 2d, however, neither of the diastereomers 8d and 9d could be crystallized. Thus, (Ϫ)-2d was treated with (S)-(Ϫ)-a-phenethylamine in CHCl 3 to give the crystalline salt, of which X-ray analysis showed that (Ϫ)-2d has the R configuration. Thus, all the (Ϫ)-acids 2a-e proved to have R absolute configurations.
Conclusion
We have developed a simple procedure for preparation of the optically active 2-aryl-2-fluoropropionic acids by electrophilic fluorination of racemic 2-arylpropionic acid esters with FClO 3 followed by optical resolution via the (Ϫ)-carenediol ester diastereomers. Absolute configurations were determined by X-ray crystallographic analyses. In order to clarify both the effects of the fluorine introduction and the effects derived from the stereochemical difference, biological assays of each enantiomer of these fluorinated acids are currently underway. General Procedure for Preparation of Methyl 2-Arylpropionates 3a-e Thionyl chloride (8.0 mmol) was added to a stirred solution of commercially available 2-arylpropionic acid 1 (4.0 mmol) in dry MeOH (30 ml) at 0°C. Stirring was continued at room temperature for 1-2 h. Saturated aqueous NaHCO 3 (15 ml) was added to the reaction mixture, the MeOH was evaporated, and the resulting mixture was extracted with AcOEt (30 mlϫ3). The organic layer was washed with brine, dried over MgSO 4 , and concentrated. The residual oil was purified by column chromatography on silica gel (hexane/AcOEtϭ4/1), or by recrystallization from hexane/AcOEt to give methyl esters 3a-e in 95-100% yields. 
Preparation of Methyl 2-[3-(2-Phenyl-1,3-dioxolan-2-yl)phenyl]propionate [(؎)-5]
A mixture of methyl ester 3e (1.0 g, 3.7 mmol), ethylene glycol (0.85 ml, 15 mmol), p-toluenesulfonic acid monohydrate (70 mg, 0.37 mmol), and toluene (20 ml) was heated at reflux for 18 h. Saturated aqueous NaHCO 3 (10 ml) was added to the reaction mixture and the whole was extracted with AcOEt (30 mlϫ3). The organic layer was washed with brine, dried over MgSO 4 , and concentrated. The residual oil was purified by column chromatography on silica gel (hexane/AcOEtϭ4/1) to give 5 as an oil in 62% yield. Colorless oil. IR (neat) cm
Ϫ1
: 1737 (CϭO). 6 A solution of methyl esters 3 or 5 (4.0 mmol) in dry THF (5 ml) was added to a stirred solution of lithium diisopropylamide [1.5 eq, prepared at 0°C from diisopropylamine and butyllithium (1.5 M in hexane) in dry THF (15 ml)] cooled at Ϫ40°C. The stirred solution was maintained at Ϫ40°C for 10 min and diluted FClO 3 gas in nitrogen [9] [10] [11] was introduced for 1 h. Hexane (10 ml) was added and the resulting mixture was filtered through a short column chromatography on silica gel to remove polar substances. After the solvent was evaporated, the residual oil was purified by column chromatography on silica gel (hexane/AcOEtϭ4/1) or by recrystallization from hexane/AcOEt to give 2-fluorinated esters 4 or 6 in 79-97% yields.
Methyl 
Preparation of Methyl 2-Fluoro-2-[3-(phenylcarbonyl)phenyl]propionate [(؎)-4e]
Ten percent aqueous HCl (5 ml) was added to a solution of 2-fluorinated ester 6 (562 mg, 1.7 mmol) in MeOH (5 ml) and the mixture was stirred at room temperature for 18 h. Saturated aqueous NaHCO 3 was added to the reaction mixture, the MeOH was evaporated and the aqueous layer was extracted with AcOEt (20 mlϫ3). The organic layer was washed with brine and dried over Na 2 SO 4 . After the solvent was evaporated, the residual oil was purified by column chromatography on silica gel (hexane/AcOEtϭ4/1) to give 2-fluorinated ester 4e in 93% yield. General Procedure for Preparation of 2-Aryl-2-fluoropropionic Acids 2a-e 1 M KOH (3 ml) was added to a solution of 2-fluorinated esters 4 (2.0 mmol) in MeOH (5 ml) and the mixture was stirred at room temperature for 1-3 h. After evaporation of MeOH, the aqueous layer was washed with ether (10 mlϫ2), acidified with 10% HCl (pH 1) and extracted with CH 2 Cl 2 (20 mlϫ3). The organic layer was washed with brine and dried over MgSO 4 . Evaporation of the solvent gave 2-aryl-2-fluoropropionic acids (Ϯ)-2a-e in 74-100% yields. 30 ml) at 0°C and the mixture was stirred at room temperature for 2-5 h. After evaporation of the excess reagents and solvent, the residual oil was dried well under vacuum. Then the crude product was solved in dry THF (30 ml) and N,N-dimethylaminopyridine (DMAP, 0.4 mmol) and chiral alcohol 7 (4.0 mmol) were added to this solution. Et 3 N (8.0 mmol) was then added slowly to the reaction, and the mixture was stirred at room temperature for 2-5 h. Hexane was then added and the resulting mixture was filtered through a chromatographic column of silica gel to remove polar substances. Evaporation of solvent gave the mixture of the diastereomers 8 and 9. These were separated by column chromatography on silica gel (hexane/AcOEtϭ4/1 or CHCl 3 /AcOEtϭ95/5) to give the ester diastereomers 8a-e and 9a-e, respectively (the yields of each pair of the ester diastereomers were 52-77% in 2 steps).
2-Fluoro-2-[4-(2-methylpropyl)phenyl]propionic Acid [(Ϯ)-2a]: Colorless solid (from hexane/AcOEt
( 3H, s), 1.00 (3H, s), 1.16 (3H, s),  1.20-1.31 (1H, m), 1.58-1.70 (1H, m), 1.80-1.96 (2H, m) KOH (1.5 ml) was added to a solution of esters of 8 or 9 (1.0 mmol) in MeOH (5 ml) was added to and the mixture was stirred at room temperature for 1-2 h. After evaporation of MeOH at room temperature, the aqueous layer was washed with ether (10 mlϫ3), acidified with 10% HCl (pH 1) and extracted with CH 2 Cl 2 (20 mlϫ3). The organic layer was washed with brine and dried over MgSO 4 . After evaporation of the solvent, the residual oil was purified by column chromatography on silica gel (AcOEt or MeOH/acetoneϭ1/9) gave chiral 2-aryl-2-propionic acids 2a-e in 58-100% yields.
In the case of hydrolysis of esters 8c and 9c, washing with either was omitted, because 2c is insoluble in alkaline solutions. 
